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Severe myoclonic epilepsy of infancy (SMEI, also known as Dravet syndrome) and genetic epilepsy with febrile
seizuresplus(mildfebrileseizures)canbotharise duetomutationsofSCN1A,thegeneencodingalpha1pore-
forming subunit of the Nav1.1 voltage-gated sodium channel. Owing to the inaccessibility of patient brain
neurons, the precise mechanism of mild febrile seizures and SMEI remains elusive, and there is no effective
pharmacotherapy. Induced pluripotent stem cells (iPSCs) and induced neurons (iNs) have been successfully
generated from patients and applied for modeling various neuronal diseases. In this study, we established
iPSC lines from one SMEI patient and one mild febrile seizures patient, respectively. Functional glutamatergic
neurons were subsequently differentiated from these iPSCs. Electrophysiological analysis of patient iPSC-
derived glutamatergic neurons revealed a hyperexcitable state of enlarged and persistent sodium channel
activation,more intensiveevokedactionpotentialsandtypicalepilepticspontaneousaction potentials. Incon-
sistent with the severity of the symptoms, the hyperexcitability of the neurons derived from SMEI patient was
more serious than that of mild febrile seizures patient. Furthermore, the hyperexcitability of the neurons can
be alleviated by treatment with phenytoin, a conventional antiepileptic drug. In parallel, iNs were directly con-
verted from patient ﬁbroblasts which also showed a delayed inactivation of sodium channels. Our results
demonstrate that both iPSC-derived neurons and iNs from mild febrile seizures and SMEI patients exhibited a
hyperexcitablestate.Moreimportantly,patientiPSC-derivedneuronscanrecapitulatetheneuronalpathophysi-
ology and respond to drug treatment, indicating that these neurons can be potentially used for screening
appropriate drugs for personalized therapies.
INTRODUCTION
More than 70% occurrence of genetic epilepsy with febrile sei-
zuresplus(mildfebrileseizures)andseveremyoclonicepilepsy
ofinfancy(SMEI)(alsoknownasDravetsyndrome)arisedueto
de novo mutations of SCN1A, the gene encoding alpha 1 pore-
forming subunit of the Nav1.1 voltage-gated sodium channel.
The mild febrile seizures spectrum comprises a range of mild
to severe phenotypes varying from classical febrile seizures to
SMEI (1,2). For the mild classical febrile seizures, the vast ma-
jority of patients do not require treatment, whereas the most
severe phenotype of mild febrile seizures, SMEI, is a rare
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 convulsive disorder that is characterized by febrile seizures with
onsetduringtheﬁrstyearoflifefollowedbyintractableepilepsy,
impairedpsychomotordevelopmentandataxia(3,4),andSMEIis
typically resistant to standard anticonvulsant pharmacotherapy.
Explorationofthepathologicalmechanismofmildfebrilesei-
zuresandSMEIwasdifﬁcultduetotheinaccessibilityofpatient
brain neurons. Previous studies using SCN1A knockout mouse
models suggested that reduced sodium current in GABAergic
interneurons might be the cause of SMEI (5). However,
another report detected persistent, non-inactivating sodium
channel behavior in immortalized cell lines expressing a
mutated SCN1A gene (6). Thus, the exact pathological mechan-
ism of mild febrile seizures and SMEI remains elusive.
Induced pluripotent stem cells (iPSCs) and directly induced
neurons (iNs) provide us a direct tool to explore the mechanism
ofmildfebrileseizuresandSMEI,whichcancircumventthepro-
blems raised by divergence between cell types and species.
iPSCs can be generated from differentiated somatic cells by
ectopic expression of the transcription factors Oct4, Sox2,
Klf4 and c-Myc (OSKM) (7–12). The generation of patient-
speciﬁc iPSC lines has attracted great attention because iPSCs
can potentially be used for cell-based therapies (13–15).
iPSCs have already provided a tool for modeling diseases in
vitro, exploring their pathology and screening for appropriate
drugs (16–20). Inspired by iPSC reprogramming technology,
direct conversion of one differentiated cell type to another has
been achieved through ectopic expression of cell-speciﬁc tran-
scription factors. To date, direct conversion from ﬁbroblasts
has been achieved for neurons, hepatocytes and cadiomyocytes
(21–23). Moreover, the functionality of the converted cells has
beenveriﬁedbyinvivotransplantationandinsitutransdifferen-
tiation (24). By taking advantage of iPSCs and iNs, many neur-
onal diseases such as Alzheimer’s disease, Parkinson’s disease,
Rettsyndromeandschizophreniahavebeensuccessfullyrecapi-
tulated in vitro (25–28).
Inthisstudy,wereportedQ1923RandF1415Imissensemuta-
tionsinmildfebrileseizurespatientandSMEIpatient,respective-
ly. We produced SMEI and mild febrile seizures patient-speciﬁc
iPSCs and then differentiated the iPSCs into glutamatergic
neurons,whichgeneratedactionpotentialsandformedfunctional
excitatory synapses. Biophysical characterization of the patient-
derived neurons demonstrated that patient iPSC-derived
neurons showed enlarged amplitude and delayed inactivation of
voltage-gated sodium channels. Furthermore, SMEI and mild
febrile seizures patient iPSC-derived neurons showed spontan-
eous action potentials with epileptic characteristics, representing
a hyperexcitable state. Importantly, treatment of SMEI neurons
with antiepileptic drug phenytoin alleviated the enlargement
and persistence of sodium channels and eliminated the epileptic-
formactionpotentials.Inparallel,wegeneratediNsdirectlyfrom
patient ﬁbroblasts. Patient-speciﬁc iNs also showed delayed
inactivation of sodium channels.
RESULTS
DerivationofiPSClinesfromSMEIandmildfebrileseizures
patient ﬁbroblasts
Skin ﬁbroblasts were cultured from one patient who was diag-
nosed with SMEI, one patient with the mild classical febrile
epilepsy and an unaffected control. The SCN1A gene was
clonedfrom the genomic DNA ofthese two patients andthe un-
affectedcontrol.SubsequentsequencingofSCN1Arevealedthat
SMEI patient has a missense mutation F1415I,which located in
the linker domain of S3 and S4 domain, and the Q1923R muta-
tion was detected in the mild febrile seizures patient, which
located in the C-terminal (Fig. 1A; Supplementary Material,
Fig. S1).
To generate iPSC lines, ﬁbroblasts were infected with retro-
viruses carrying four factors: OCT4, SOX2, KLF4 and
C-MYC. As expected, round, ﬂattened colonies appeared after
2 weeks and became compact after 1 month. Human embryonic
stem cell (hESC)-like colonies were then picked and passaged
manually. The iPSC lines showed typical morphology of
hESCs(Fig.1B).MostiPSClinesmaintainednormalkaryotype
(Fig. 1C; Supplementary Material, Fig. S2 and Table S1). They
expressed pluripotency markers including OCT4, NANOG,
SOX2 and surface markers, such as TRA-1-60 and TRA-1-81
(Fig.1D;SupplementaryMaterial,Fig.S3).Microarrayanalysis
showed that the global gene expression proﬁle of iPSC lines is
similar to that of hESCs, but distinct from that of human ﬁbro-
blast cells (Fig. 1E). In vivo differentiation ability of SMEI and
mild febrile seizures patient-speciﬁc iPSC lines was assessed
using teratoma formation assay. Teratomas-containing cells
derived from the three embryonic germ layers were observed
in NOD/SCID mice (Fig. 1F; Supplementary Material, Fig. S4
and Table S1). With the criteria of right karyotype, pluripotent
genes expression, capability of generating three germ layers in
teratoma, two iPSC lines from the Q1923R patient, two iPSC
lines from the F1415I patient and two iPSC lines generated
from unaffected human ﬁbroblasts were selected for further
experiments of neuron differentiation and electrophysiological
examinations(SupplementaryMaterial,TableS1).Collectively,
these results showed that pluripotent iPSC lines could be gener-
ated from mild febrile seizures and SMEI patient ﬁbroblasts.
SMEI and mild febrile seizures iPSCs can be differentiated
into mature functional glutamatergic neurons in vitro
WenextintendedtodifferentiatetheselectediPSCsintoneurons
as previously described (29). The neurons differentiated from
iPSCs (diN for short) through embryoid body (EB) exhibited
typical neuronal morphology and expressed pan-neuronal
markers TUJ-1 and MAP2 (Fig. 2A; Supplementary Material,
Fig. S5 and S6A). The differentiation efﬁciency of patient
iPSCsandcontroliPSCswascomparable(SupplementaryMater-
ial, Fig. S6B). Electrophysiological test showed that the cells
gained resting membrane potentials between 245 and 260 mV
and were indistinguishable among cell lines (Supplementary
Material, Fig. S7A). Furthermore, the neurons showed sodium
channel activities and the action potentials can be eliminated
with tetrodotoxin (TTX) treatment (Fig. 2B and C).
Whenco-culturedwithhumanastrocytes,theneuronsformed
functional synapses reﬂected by the expression of Synapsin and
miniature excitatory post-synaptic currents recorded in patch
clamp (Fig. 2D and E). This indicated that the differentiated
neuronscouldintegrateintoneuralcircuitinvitro.Furtherchar-
acterization of the neurons showed that  90% of the neurons
were glutamatergic neurons and the rest were GABAergic
neurons (Fig. 3A). These results indicate that successful
2 Human Molecular Genetics, 2013
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 differentiationofSMEIandmildfebrileseizurepatient-speciﬁc
iPSCs into functional glutamatergic neurons can be achieved.
GlutamatergicneuronsderivedfromSMEIiPSCsdisplayed
enlarged sodium currents and delayed inactivation of
sodium channel
In order to decipher the pathological mechanism of SMEI and
mildfebrileseizures,wenextexaminedtheelectrophysiological
propertiesofvoltage-gatedsodiumchannelsinneuronsdifferen-
tiated from the SMEI and mild febrile seizures patient iPSCs.
In the voltage clamp mode, current–voltage relationships of
the wild-type and patient-speciﬁc iPSC-derived neurons were
examined. We marked the cells recorded in patch clamp with
biocytinandfurthercharacterizedthembyimmunohistochemis-
try identiﬁcation after patch-clamp experiment. Since  90% of
theiPSC-derivedneuronswereglutamatergicneurons(Fig.3A),
all neurons recorded expressed VGLUT1 indicating their iden-
tities (Fig. 3B). The I–V curve reﬂected apparently enlarged
magnitude of sodium currents in the neurons from SMEI and
mild febrile seizures patients with different extent: sodium cur-
rentsinSMEIshowedmoresevereenlargedsodiumcurrentsand
mild febrile seizures showed relatively less severe enlargement
(Fig. 3C).
Besides the magnitude of the sodium currents, sodium
channel inactivation of the iPSC-derived neurons of the
F1415I and Q1923R were apparently delayed in the voltage
clamp (Fig. 3C). Normalized current–voltage relationship
and inactivation of the differentiated neurons were further
examined. First, sodium currents were normalized to the
maximum sodium current, respectively, to show the inactiva-
tion of sodium channel. Normalized I–V curves from sodium
channels showed that the reverse potential of F1415I neurons
signiﬁcantly shifted to depolarization and reverse potential of
Q1923R neurons slightly shifted to depolarization. Therefore,
current–voltage relationships for sodium channels showed
incomplete inactivation in the F1415I iPSC-derived neurons,
and relatively minor incomplete inactivation of sodium
channels in Q1923R iPSC-derived neurons was observed
(Fig. 3D).
Figure1.GenerationofiPSClinesfromSMEIpatientﬁbroblasts.(A)SequencingofSCN1AinSMEIandmildfebrileseizurespatientsshowedheterozygousmutation
on4243TtoA(leftpanel)and5768AtoG(rightpanel),respectively.(B)MorphologyofoneiPSCline(Passage5)derivedfromSMEIpatientwithF1415Imutation.
Scalebar:200 mm.(C)KaryotypeanalysisoftheSMEIpatient-derivediPSCline(Passage6).(D)ImmunoﬂuorescentstainingoftheSMEIpatient-derivediPSCline
(Passage6)withpluripotencymarkersforOCT4,NANOG,SOX2,TRA-1-60,TRA-1-81(scalebar:100 mm).(E)Scatterplotanalysisofmicroarraydatashowsthe
differentiallyexpressedgenesbetweenﬁbroblasts,SMEIpatientiPSCs(Passage12)andhumanEScells(Passage11).Redorgreencolorindicatesdifferentiallyup-or
down-regulatedgenes,respectively.(F)TeratomaformationfortheF1415ISMEIpatient-derivediPSC(Passage8)lineshowstissuesfromthreegermlayers.Scale
bar: 50 mm.
Human Molecular Genetics, 2013 3
 
b
y
 
g
u
e
s
t
 
o
n
 
J
u
l
y
 
4
,
 
2
0
1
3
h
t
t
p
:
/
/
h
m
g
.
o
x
f
o
r
d
j
o
u
r
n
a
l
s
.
o
r
g
/
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 The inactivation ofsodium channels was further examined in
differentiated neurons derived from the F1415I patient iPSCs,
Q1923RpatientiPSCsandcontroliPSCs.TheV50valueforin-
activationincontrolcellswas259+0.35 mV(n ¼ 17).Incon-
trast, signiﬁcant depolarizing shifts in the inactivation curves
were detected in F1415I iPSC-derived neurons (V50:
236.63+0.72 mV, n ¼23), and relative minor impairment
of inactivation of sodium channels was observed in Q1923R
mild febrile seizures patient iPSC-derived neurons (V50 ¼
247.61+0.60 mV, n ¼ 19) (Fig. 3E). Comparison of I–V
curves in neurons derived from the two iPSC lines of the same
patient showed no difference in the sodium channel activities
(Supplementary Material, Fig. S7B–D).
NeuronsderivedfromSMEIandmildfebrileseizuresiPSCs
displayed alterations in action potential characteristics
Inconsistentwiththesodiumchannelactivitydata,actionpoten-
tials evoked following depolarizing current injection of SMEI
and mild febrile seizures iPSC-derived neurons had apparently
larger amplitude and higher frequencies (Fig. 4A). Further ana-
lysisontheamplitudeoftheactionpotentialsshowedsigniﬁcant
enlargementintheF1415Ineuron,whereastheQ1923Rshowed
similar amplitude as wild-type cells (Fig. 4B). Furthermore, we
examined the numbers of action potentials evoked by injection
of currents. F1415I neurons showed signiﬁcant more action
potentials than the wild-type cells, and Q1923R neurons
showed slightly more action potentials than the control cells
(Fig. 4C). These results indicate that, in accordance with the
enlarged and sustained activated sodium currents, neurons of
the SMEI patient showed larger and more action potentials,
whereasmildfebrileseizuresneuronsshowedlessseverepheno-
type.Takentogether,theresultsdemonstratedthatSMEIpatient
iPSC-derived glutamatergic neurons showed hyperexcitability.
NeuronsdifferentiatedfromSMEIandmildfebrileseizures
patient iPSCs showed epileptiform discharges
We next examined whether the SMEI and mild febrile seizures
iPSC-derived neurons can recapitulate the epileptic phenotype.
Spontaneous action potentials showed higher frequency in the
F1415I and Q1923R neurons than wild-type with different
extent, and typical epileptic ﬁring was detected in a portion of
iPSC-derived neurons obtained from F1415I and Q1923R
patients (Fig. 5). The frequencies of action potential of F1415I
were  5 Hz, which is signiﬁcantly higher than the wild-type
cells of 2 Hz, and the Q1923R neurons showed moderate fre-
quencies of 3–4 Hz (Fig. 5A and B).
Besidesthehigherfrequenciesobserved,epilepticﬁringchar-
acterized by action potentials with amplitudes of  50 mV and
Figure 2. Differentiation of SMEI iPSCs into functional neurons. (A) Immunoﬂuorescent staining of neurons differentiated from the F1415I SMEI patient iPSCs
shows expression of the neuronal markers TUJ-1 and MAP2. Scale bar: 200 mm (left panel). Immunoﬂuorescent staining of individual neurons differentiated
from the F1415I SMEI patient iPSCs. Scale bar: 100 mm (right panel). (B) Whole-cell currents recorded following depolarizing voltage steps (280 to 60 mV) in
neurons differentiated from the SMEI iPSCs (left panel). Action potentials recorded after injection of current steps (250 to 90 pA) from neurons differentiated
fromtheSMEIiPSCs(rightpanel).(C)SodiumcurrentsandactionpotentialswereeliminatedbyTTX(1 mM).Whole-cellcurrentswererecordedfollowingdepolar-
izingvoltagesteps(280to60 mV)inneuronsdifferentiatedfrommildfebrileseizuresiPSCs.Actionpotentialsevokedfollowinginjectionofcurrentsteps(250to
90 pA)recordedfromneuronsdifferentiatedfrommildfebrileseizuresiPSCs.(D)SMEIiPSC-derivedneuronsexpressGAD67,VGLUT1,SYNAPSINasshownby
immunocytochemistry. Scale bars: GAD67, 20 mm; SYNAPSIN, 50 mm; VGLUT1, 50 mm. (E) Whole-cell neuronal recording in which spontaneously miniature
excitatory post-synaptic currents (miniature EPSCs) were detected in neurons derived from SMEI iPSCs.
4 Human Molecular Genetics, 2013
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 ﬁring frequencies of .5 Hz was identiﬁed in some neurons of
F1415I and Q1923R (Fig. 5). These action potentials showed
paroxysmal depolarization shifts (PDSs) featured with elon-
gated repolarization times, deep cuneiform waveforms and
enlarged wave widths (Fig. 5C). These observations demon-
strate that SMEI and mild febrile seizures patient iPSC-derived
neurons recapitulated the abnormal sodium currents, action
potentials and epileptiform ﬁring.
Treatment of SMEI patient neurons with phenytoin can
alleviate the hyperexcitability
We next sought to investigate whether the patient iPSC-
differentiated neurons can respond to the drug used for treating
epilepsy. When treated with phenytoin (100 mM), a traditional
antiepileptic drug, in perfusion system of patch clamp, the
SMEI iPSC-derived neurons showed reduced sodium currents
and alleviated delayed inactivation of sodium channel
(Fig.6A).Accordingly,thestimulatedactionpotentialsbyinjec-
tion of current steps reduced in frequency and amplitude
(Fig. 6B). Moreover, the epileptic form of the spontaneous
action potentials disappeared upon phenytoin treatment
(Fig. 6C). These results indicate that the iPSC-derived neurons
can respond to antiepileptic drug and can be potentially
applied in drug screening in the future.
Direct conversion of SMEI and mild febrile seizures patient
ﬁbroblasts to functional glutamatergic neurons
To generate iNs from ﬁbroblasts directly, ﬁbroblasts from the two
patientsand theunaffectedcontrolwereinfectedwithlentiviruses
carrying six transcription factors including ASCL1, BRN2,
MYT1Ll, NEUROD1, OLIG2 and ZIC1 (26) in the presence of
neural survival factors BDNF, GDNF and NT3. One month after
Figure 3. Sodium channel of neurons differentiated from SMEI iPSCs shows enlarged magnitude and delayed inactivation. (A) The iPSC-derived neurons showed
 90% neurons positive for glutamatergic neuron marker VGLUT1 and ,10% neurons expressed GABAergic neuron marker GAD67. Scale bars: 50 mm.
(B) Recordedneuronsdifferentiatedfrom iPSCs,markedbybiocytin,are positive for VGLUT1. Scale bar:50 mm.(C) Current–voltagerelationshipsof whole-cell
sodium currents from iPSC-derived neurons from the Q1923R (mild febrile seizures), F1415I (SMEI) and unaffected control. F1415I showed signiﬁcant enlarged
magnitude and slowed inactivation of sodium channels. Q1923R showed relatively minor enlarged magnitude and slowed inactivation of sodium channels. (D)A
plotshowingnormalizedcurrent–voltagerelationshipsofsodiumchannelsfromiPSC-derivedneuronsobtainedfromF1415IandQ1923Rpatientsandtheunaffected
control.Currentswerenormalizedtothepeakcurrentamplitude.(E)VoltagedependenceofinactivationofsodiumcurrentsfromiPSC-derivedneuronsobtainedfrom
F1415I and Q1923R patients and the unaffected control. The protocol is depicted. Currents were normalized to the peak current amplitude.
Human Molecular Genetics, 2013 5
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 induction, ,1% of the cells showed a neuron-like morphology
(Supplementary Material, Fig. S8A). No signiﬁcant differences
in the kinetics or the efﬁciency of conversion from ﬁbroblasts to
neurons were detected. The neuron-like cells expressed pan-
neuronal markers such as TUJ-1, MAP2 and NEUN. Approxi-
mately half of the iNs were positive for the mature glutamatergic
neuron marker VGLUT1, and very few iNs expressed the
mature GABAergic neuron marker GAD67 (Fig. 7A).
We further assessed the physiological properties of the iNs
with patch-clamp recordings at days 25–35 of culture. We
found that majority of iNs displayed typical neuronal Na
+ and
K
+channelsproperties(Fig.7B).Moreover,singleandmultiple
action potentials could be evoked with a series of depolarizing
current injections in most iNs (Fig. 7C). However, the resting
membrane potential of the iNs was around 230 mV, indicating
animmaturestate(SupplementaryMaterial,Fig.S8B).Owingto
theextremelylowconversionefﬁciency (,1%,Supplementary
Material, Fig. S8A), the miniature EPSCs were not detected in
the iNs. The analysis of properties of evoked action potentials
and spontaneous action potentials was prevented by the imma-
ture state of the iNs. These results demonstrate that we can dir-
ectly convert SMEI patient and mild febrile seizures patient
ﬁbroblasts into neurons possessing basic function.
SMEI and mild febrile seizures patient converted neurons
showed delayed inactivation of sodium channels
Physiological properties of the converted neurons from SMEI
and mild febrile seizures patients and the unaffected control
were studied under identical conditions using whole-cell patch-
clamp recordings. Figure 8A illustrated the representative
whole-cell currents from iN cells converted from the patient
cell lines and the unaffected control. In general, the F1415I
SMEI iNs exhibited rapid activation which was similar to
control iNs. However, F1415I iNs had impaired inactivation
properties (Fig. 8A and B). Sodium channels of iNs from the
F1415I patient displayed delayed inactivation compared with
the control, whereas neurons from the Q1923R mild febrile
seizures patient displayed no obvious differences from the
control. In all cases, sodium channels were conﬁrmed to be
TTX-sensitive (Fig. 8C).
We further examined the electrophysiological properties of
sodiumchannelsinneuronsconvertedfromSMEIpatientﬁbro-
blasts.Current–voltagerelationshipsandvoltagedependenceof
activation and inactivation of the differentiated neurons were
examined. We observed obvious delays in the inactivation of
sodium channels for F1415I iNs, so we decided to test the
current–voltage relationship ﬁrst. I–V curves from F1415I
sodium channels showed reverse potential shifts to depolariza-
tion when compared with the control. Similar to the results
obtainedintheiPSC-derivedneurons,current–voltagerelation-
ships of sodium channels showed delayed inactivation in iNs
converted from F1415I ﬁbroblasts (Fig. 8D).
The inactivation of sodium channels was examined in con-
verted neurons from F1415I and Q1923R patients as well as
the control. In F1415I patient neurons, inactivation curves
were shifted in the depolarized direction. In Q1923R patient
neurons, this shift was less noticeable (Fig. 8E). The V50
value for inactivation in control iNs was 258.65+0.48 mV
(n ¼ 21). Signiﬁcant depolarization shifts in the inactivation
Figure4.ActionpotentialcharacteristicsofneuronsderivedfromSMEIiPSCs.(A)ThemodeofevokedactionpotentialsiniPSC-derivedneuronsfromF1415Iand
Q1923Rpatientsandtheunaffectedcontrol.ActionpotentialsofF1415Ipatientshowedhigherfrequenciesandlargeramplitudepatternscomparedwithunaffected
control.ActionpotentialsofQ1923Rpatientshowedslightlyhigherfrequenciesandlargeramplitudepatternscomparedwithunaffectedcontrol.(B)Thehistogram
showsaverage amplitudeof evoked action potentials (AP)in iPSC-derivedneuronsfrom F1415Iand Q1923Rpatients and the unaffectedcontrol. Numbers 1 and 2
represent individual F1415I, Q1923R and WT iPSC lines, respectively. The action potentials of F1415I and WT iPSC-derived neurons had signiﬁcant differences,
which were examined by Student’s t-test (∗∗∗P , 0.001). (C) The numbers of evoked action potentials (AP) elicited by depolarizing current steps in iPSC-derived
neurons from F1415I and Q1923R patients and the unaffected control.
6 Human Molecular Genetics, 2013
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 curvesweredetectedforF1415IiNs(V50: 251.02+2.05 mV,
n ¼ 23)andQ1923R(V50: 255.37+0.99 mV,n ¼ 25).These
results indicate a delayed inactivation of voltage-gated sodium
channels in F1415I and Q1923R iNs, which is similar to the
results obtained with iPSC-derived neurons. Collectively,
these results demonstrate that delayed inactivation of sodium
channels can be detected in directly converted neurons from
SMEI patient ﬁbroblasts, and relative minor impairment of
sodium channels was observed in directly converted neurons
from mild febrile seizures patient ﬁbroblasts.
Comparison between the two methods in obtaining patient-
speciﬁc neurons revealed that the percentage of neurons differ-
entiated from the iPSCs was .80%, whereas the percentage of
iNs was ,1% (Supplementary Material, Fig. S8A). Further-
more, the neurons derived from iPSCs possessed resting mem-
brane potentials around 255 mV, which is comparable with
neuronsinbrainslices,whereastherestingmembranepotentials
ofiNsisaround 230 mV,indicatinganimmaturestate(Supple-
mentary Material, Fig. S8B). The results demonstrated that al-
though the derivation of neurons from iPSCs takes longer ( 3
months from human ﬁbroblasts) than direct conversion from
ﬁbroblasts ( 1 month), neurons derived from iPSCs exhibit
higher efﬁciency and better maturation.
DISCUSSION
Thepathophysiologyofseizuresisbelievedtobeanalterationin
the normal balance of inhibition and excitation. A hyperexcita-
ble state of neuronal network which causes seizures can result
from increased excitatory synaptic neurotransmission and/or
decreased inhibitory neurotransmission. The major excitatory
neurotransmitter is glutamate and the major inhibitory neuro-
transmitter is GABA. Hyperexcitability of glutamatergic
neurons and/or hypoexcitability of GABAergic neurons results
in the hyperexcitability of the neuronal network (30).
Several approaches have been developed to investigate the
pathological mechanism of SMEI. Expression of mutated
genes in cell lines provided an in vitro tool to study the ion
channel properties (31,32). Investigations with the cell lines
transfectedwiththemutatedSCN1Afounddelayedinactivation
ofsodiumcurrents.However,althoughthetransfectedcelllines
possessed ion channels on their cell membranes, they were not
capable of recapitulating neuronal phenotypes and functions.
Knockout mouse models have been widely used to model epi-
lepsy in vivo (5). The mouse model possessed the neuronal
circuitthatisdisruptedinSMEIandreﬂectedthediseasepheno-
type in some aspects. Knockout mouse model showed reduced
Figure 5. Spontaneous action potential characteristics of SMEI iPSC-derived neurons. (A) Spontaneous ﬁring of iPSC-derived neurons recorded in current clamp
modefromQ1923R,F1415Ipatientsandtheunaffectedcontrol.SpontaneousactionpotentialsfromQ1923RandF1415Icellsshowedhigherfrequenciesandepilepti-
form patterns. (B) The frequency of spontaneous action potentials (AP) in iPSC-derived neurons from F1415I and Q1923R patients and the unaffected control.The
frequencyofF1415IandQ1923RiPSC-derivedneuronsshowedsigniﬁcantdifferencesversustheunaffectedcontrol(∗∗∗P , 0.001).(C)Spontaneousactionpoten-
tials of neurons derived from SMEI iPSC recorded in current clamp mode show PDS.
Human Molecular Genetics, 2013 7
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 sodium currents in the GABAergic neurons. However, mouse
models are limited because of discrepancies between mice and
humans in terms of disease progression and the underlying
disease mechanisms. To date, the precise mechanism of SMEI
remains controversial and elusive.
The development of iPSCs provides a revolutionized ap-
proach to investigate the pathological mechanism of many dis-
eases, especially neuronal diseases. We demonstrated the
modeling of SMEI, using functional neurons obtained using
iPSC technology and technology for direct conversion of ﬁbro-
blasts to neurons. Further analysis on the sodium channels of
the neurons revealed delayed inactivation in iPSC-derived
neurons from a patient with an F1415I mutation. Moreover,
examination of the spontaneous ﬁring of iPSC-derived neurons
from patients showed action potentials typical of epilepsy. The
abnormal ﬁring observed in epileptic neurons could be repro-
duced by in vitro modeling of the neurons differentiated from
the patient iPSCs.
At present, two models have been proposed to interpret the
pathological mechanism of SMEI. In the ﬁrst model, loss of
function in the SCN1A genes causes reduced sodium current
in inhibitory GABAergic neurons, leading to insufﬁcient inhib-
ition,hyperexcitabilityintheneuronalnetworkandepilepsy(5).
The second model proposes a gain-of-function mutation in
whichpersistentactivationofsodiumcurrentsleadstohyperex-
citabilityinneurons,causingepilepsy(6).Basedonthediversity
of the mutations in SCN1A in SMEI patients, different
pathological mechanisms might be responsible for a common
epilepticphenotype.Anexplanationforinconsistenciesinprevi-
ousstudiesisthatvariousmutationschangetheconformationof
the SCN1A protein in various ways, resulting in diverse func-
tional consequences. Here, we observed a gain-of-function
effect for both F1415I and Q1923R mutations reﬂected by the
epileptiform discharges from iPSC-derived neurons. A change
in electrophysiological behavior of sodium channels was the
majorcauseoftheepilepticphenotypewiththeF1415Imutation
but was relatively minor for the Q1923R mutation. The results
are in accordance with the different locations of the mutation
on SCN1A. The mutation lies in the linker domain between S5
and S6 in SMEI patient, which is critical for the formation of
pore, and lies in the C terminal in mild febrile seizures patient,
whichisconsideredtobelessimportant(SupplementaryMater-
ial, Fig. S1) (33). Our results indicate that at least a portion of
SMEI patients may have persistent sodium channel activation
thatcausesneuronstobecomehyperexcitable.Moreover,these-
verity of impairment of sodium channels in the two patients is
consistent with the severity of the symptoms.
Phenytoinisconsideredtoinhibitseizurebydecreasinghigh-
frequencyrepetitiveﬁringofactionpotentialsthroughenhancing
sodium channel inactivation (34). Here, we applied phenytoin to
the SMEI iPSC-derived neurons. Reduced sodium currents and
action potentials were detected and also the epileptic ﬁring was
eliminated. The results demonstrated that the neurons derived
from iPSCs can respond to antiepileptic drug and thus could be
used for drug screening.
Both iPSC-derived neurons and directly converted neurons
have been utilized in disease modeling. In this study, we used
both approaches to generate functional neurons from one
SMEI patient and one mild febrile seizures patient, and consist-
ent phenotypic and electrophysiological results were obtained.
The technology for iPSC generation and neuron differentiation
is well established and has high efﬁciency (.80%) for neuron
differentiation. Compared with iPSC technology, the efﬁciency
for generating directly converted neurons remains very low
(,1%).WealsofoundthattheiNsinthisexperimentpossessed
higherrestingmembranepotential,indicatingtheimmaturestate
of the neuron. However, this technology can signiﬁcantly
shorten the period of time required for generating functional
neurons from ﬁbroblasts.
Inconclusion,weobtainedfunctionalneuronsfromthediffer-
entiation of SMEI patient-speciﬁc iPSCs and from the direct
conversionofmildfebrileseizuresandSMEIpatientﬁbroblasts.
The iPSC-derived neurons revealed mild-to-severe hyperexcit-
ability in the glutamatergic neurons of mild febrile seizures
and SMEI patients; and also recapitulated the typical epileptic
phenotype; and could respond to an antiepileptic drug. These
neurons reveal that SMEI and mild febrile seizures arise due to
the altered ﬁring of glutamagergic neurons, more importantly,
can potentially be applied for screening appropriated drugs for
personalized clinical treatment of SMEI.
MATERIALS AND METHODS
Mutation detection
GenomicDNAsofﬁbroblastsfrompatientsandpatient-speciﬁc-
iPSCs were extracted with the Tissue and Cells Genomic DNA
Figure6.ThehyperexcitabilityoftheSMEIpatientiPSCscouldbealleviatedby
phenytoin. (A) The whole-cell sodium currents of SMEI iPSC-derived neurons
before and after the treatment of phenytoin. (B) The action potentials evoked
by injected current step at 10 pA of SMEI iPSC-derived neurons before and
after the treatment of phenytoin. (C) Spontaneous action potentials of SMEI
iPSC-derived neurons showed PDS, which was eliminated by treatment of
phenytoin.
8 Human Molecular Genetics, 2013
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 Extraction Kit (Biomed) following the instructions provided by
the producer. Each exon of the SCN1A was cloned from the
genomic DNA with PCR. Phusion DNA polymerase (Thermo
scientiﬁc) was utilized in the ampliﬁcation reaction following
the instructions of the producer. Sequences of primers of each
exon were described previously (2). Ampliﬁcation products
were sequenced with Sanger method (conducted in Invitrogen
Co.). The numbering of the mutation was started from the
ATG codon of the coding sequence of SCN1A.
SMEI and mild febrile seizures patient-speciﬁc iPSC line
derivation
FibroblastscollectedfromSMEIpatientscontainingtheF1415I
mutation and mild febrile seizures patients containing Q1923R
mutation were utilized for iPSC induction. Plasmids (pMIG)
containing human OSKM were obtained from Addgene and
were transiently co-transfected with package plasmids into
293 T cells, using the Vigofect transfection reagent (Vigorous).
Viral supernatants were harvested after 48 h, ﬁltered through a
0.45 mm low protein-binding cellulose acetate ﬁlter (Millipore)
andconcentratedbycentrifugation.Atotalof5 × 10
4ﬁbroblasts
from each patient were incubated with virus for 24 h and then
seeded onto irradiated mouse embryonic ﬁbroblasts (MEFs)
feeder cells and cultured for 5 days. iPSC culture medium was
substituted after 7 days. iPSC colonies were manually picked
and mechanically dissociated for the next passage.
iPSC maintenance
SMEI patient-speciﬁc iPSCs and control human ES cell lines
were cultured on irradiated ICR MEF feeders, using the follow-
ing culture medium: DMEM/F12 (1:1) medium (Invitrogen)
containing 20% knockout serum replacement (Invitrogen),
1m Mnon-essentialaminoacids(Invitrogen),3 mML-glutamine
(Invitrogen), 0.1 mM b-mercaptoethanol (Sigma-Aldrich),
100 U/ml penicillin, 100 mg/ml streptomycin (Invitrogen) and
8 ng/ml bFGF (R&D Systems). iPSCs and hESCs were either
passaged mechanically or passaged with 1 mg/ml collagenase
IV (Sigma-Aldrich).
Karyotype analysis
The iPSCs were incubated in culture medium containing
0.25 mg/ml colcemid (Invitrogen) for 4 h and were then har-
vested and incubated in hypotonic solution containing 0.4%
sodium citrate and 0.4% kalium chloratum (1:1, v/v) at 378C
for 5 min, before ﬁxation with three washes of a mixture of
methanol:acetic acid (3:1, v/v). Slides were aged for 8–12 h at
658C and digested with 0.8% trypsin for 15–30 s. Slides were
thenstainedwithGiemsafor10 minandair-dried.Twentymeta-
phase chromosome karyoschisis images were examined, and
5 G-band images were analyzed.
Neural differentiation of SMEI patient-speciﬁc iPSCs
SMEI and mild febrile seizures patient-speciﬁc iPSCs and
hESCs were passaged with collagenase, and cell clumps were
cultured on low attachment plates (Costar) in iPSC culture
medium without bFGF. The medium was replaced every
2 days and gradually changed to EB culture medium (DMEM
supplemented with 20% fetal bovine serum, 1× non-essential
amino acid, 50 mM b-mercaptoethanol, 100 U/ml penicillin
and 100 mg/ml streptomycin) by substituting 25% more of the
ES medium with EB medium each time the medium was
replaced. After 10 days, the EBs in suspension were collected
and plated on PDL/laminin-coated plates in neural rosettes
medium (DMEM/F12 supplemented with 1× N2, 100 U/ml
penicillin and 100 mg/ml streptomycin) with 25 ng/ml bFGF
(Peprotech). After 10–12 days, rosettes were manually picked
Figure7.DirectconversionofSMEIandmildfebrileseizurespatientﬁbroblastsintofunctionalneurons.(A)Immunoﬂuorescentstainingofneuronsconvertedfrom
theSMEIpatientandmildfebrileseizurespatientﬁbroblastslinesshowtheexpressionofneuronalmarkersincludingTUJ-1,MAP2,NEUN,VGlUT1andGAD67.
Scale bar: 50 mm. (B) Whole-cell currents recorded following depolarizing voltage steps (280 to 60 mV) in neurons converted from mild febrile seizures patient
ﬁbroblasts. (C) Action potentials evoked following injection of current steps recorded from neurons converted from mild febrile seizures patient ﬁbroblasts.
Human Molecular Genetics, 2013 9
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 and plated on PDL/laminin-coated plates in neural rosettes
medium. The ﬁrst passage was performed with 0.05% trypsin/
EDTA(Invitrogen),andthefollowingpassageswereperformed
withAccutase(Sigma).Neuronaldifferentiationwasinducedby
changing the neural rosettes medium to neuron culture medium
consisting of Neurobasal (Invitrogen) supplemented with 1×
B27 (Invitrogen), 10 ng/ml BDNF (Peprotech), 10 ng/ml
GDNF (Peprotech), valproic acid (10 mM, Sigma), insulin-like
growth factor 1 (IGF-1, 10 ng/ml, Peprotech), cAMP (1 mM,
Sigma), 10 ng/ml NT3 (Peprotech), 100 U/ml penicillin and
100 mg/ml streptomycin. The neuron medium was refreshed
every 2 to 3 days. The cells were cultured in neuron medium
on human astrocytes layer (Sciencell) for more than 1 month
to obtain full maturation.
Direct conversion of SMEI patient ﬁbroblasts to neurons
SMEI patient ﬁbroblasts were cultured in ﬁbroblast culture
medium(DMEMwith10%FBS,1× glutamine,100 U/mlpeni-
cillin and 100 mg/ml streptomycin). Plasmids (pFUW contain-
ing ASCL1, BRN2, MYT1L, NEUROD1, OLIG2, ZIC1 and
rtTA; obtained from Addgene) were transiently co-transfected
withpackageplasmidsinto293Tcells,usingVigofecttransfec-
tionreagent(Vigorous).Viralsupernatantswereharvestedafter
48 h, ﬁltered through 0.45 mm low protein-binding cellulose
acetate ﬁlters (Millipore) and concentrated by centrifugation.
A total of 5 × 10
4 ﬁbroblasts from each patient were incubated
with virus for 6–8 h. After virus infection, cells were cultured
in ﬁbroblast culture medium with 1 mg/ml doxycycline for
Figure8.DelayedinactivationofsodiumchannelsindirectlyconvertedneuronsfromF1415IandQ1923Rpatients.(A)Representativesodiumcurrentsfromneurons
induced from F1415I, Q1923R and unaffected control cells. Whole-cell currents were recorded following depolarizing voltage steps (280 to 60 mV). (B) Typical
sodiumcurrentsfromneuronsinducedfromF1415I,Q1923Randunaffectedcontrolcells.Thecurrentswerenormalized.(C)Sodiumcurrentscouldbeeliminatedin
the iNs (directly converted neurons from ﬁbroblasts) with TTX (1 mM). (D) Current–voltage relationships of whole-cell currents in directly converted neurons
obtained from F1415I, Q1923R and unaffected control cells. (iN, directly converted neurons from ﬁbroblasts). (E) Voltage dependence of inactivation of sodium
currents from iNs obtained from F1415I, Q1923R and unaffected control cells. Currents were normalized to the peak current amplitude. (iN, directly converted
neurons from ﬁbroblasts).
10 Human Molecular Genetics, 2013
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 2days.Themediumwasthenchangedtoneuronculturemedium
with1 mg/mldoxycycline,andtheresultingneuronsweremain-
tained in culture on human astrocytes layer for more than
1 month.
Immunoﬂuorescent staining
For immunoﬂuorescent staining, patient ﬁbroblasts or neural
progenitor cells derived from iPSCs or ES cells were plated
ontoPDL-coatedglasscoverslips.Afterinductionbyviralinfec-
tionordifferentiationfor30days,thecellswereﬁxedovernight
at 48C in 4% paraformaldehyde (Sigma) in PBS, permeabilized
for 15 min in PBS containing 0.5% Triton X-100, blocked with
5%BSAfor1 hatroomtemperatureandincubatedovernightat
48CinPBScontaining 1.25%BSAwiththeprimaryantibodies.
Cells were then washed three times with PBS and incubated
for 1 h at room temperature with anti-rabbit or anti-mouse
secondary antibodies [Alexa Fluor-488, Alexa Fluor-594 or
Alexa Fluor-633 (1:500, Invitrogen)]. The primary antibodies
were as follows: rabbit anti-b-III-Tubulin (Tuj-1) (1:1000,
Covance), mouse anti-MAP2A (1:500, Millipore), mouse
anti-NEUN (1:300, Millipore), rabbit anti-VGLUT1 (1:1000,
Synaptic Systems), mouse anti-GAD67 (1:1000, Millipore),
mouse anti-SYNAPSIN (1:300, Millipore), mouse anti-OCT4
(1:500, Santa Cruz Biotechnology), mouse anti-SOX2 (1:500,
SantaCruzBiotechnology),rabbitanti-NANOG(1:100,Repro-
cell), mouse anti-TRA-1–60 (1:100, Millipore), mouse
anti-TRA-1-81 (1:100, Millipore), and FITC-streptavidin
(1:1000, Bioscience).
Teratoma formation
Pluripotent cells were harvested by collagenase IV treatment,
collected in tubes and centrifuged, and the pellets were sus-
pendedinDMEM/F12.Cellsfromone60 mmdishwereinjected
subcutaneously into the dorsal ﬂank of a recipient NOD/SCID
mouse(JacksonLaboratory).Parafﬁnsectionsofformalin-ﬁxed
teratoma specimens were prepared 9 weeks after injection.
Analysis of H&E-stained tissue sections was performed for
each specimen.
Electrophysiology
Electrophysiological experiments were performed using direct-
ly converted iNs and iPSC-derived neurons. Whole-cell patch-
clamp recordings in either voltage or current clamp mode were
conducted to measure voltage-activated sodium/potassium cur-
rents and action potentials. An EPC-10 (HEKA) ampliﬁer was
used for recording the electrophysiological signals. Data were
acquired using the Patchmaster software (HEKA) and analyzed
using Igor pro (Wavemetrics). Glass micropipettes (2.0–
4.0 MV) containing a solution of 130 mM K+-gluconate,
20 mM KCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM Mg2ATP,
0.3 mM Na2GTP, 10 mM Na
2+-phosphocreatine (at pH 7.3,
290–310 mOsm) and 1% biocytin (Invitrogen) were used for
patch-clamp recordings. The bath solution contained 140 mM
NaCl, 5 mM KCl, 2 mM CaCl2,2m M MgCl2,1 0m M HEPES
and 10 mM glucose (at pH 7.4). All electrophysiological experi-
ments were performed at room temperature.
Microarray analysis
Total RNA was extracted from SMEI patient ﬁbroblasts, and
SMEI iPSCs and H9 hESCs after induction using Trizol
reagent (Invitrogen). Affymetrix GeneChip
w Human Genome
U133 plus 2.0 (Affymetrix, Inc.) was used, and all experiments
were performed at Beijing Capitalbio Corporation. Data were
analyzed usingtheGCOS1.4software providedbyAffymetrix.
Signalvaluesofprobespresentedintwosampleswereplottedin
a scatter graph. Pearson’s correlation coefﬁcient (R) between
samples was calculated using Excel. The microarray data sets
have been deposited in NCBI’s Gene Expression Omnibus
under accession number GSE46472.
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